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Two medically useful photosensitizing furocoumarins, 
B-methoxypsoralen (B-MOP) a.nd 4,5'B-trimethylpsoralen 
(TMP) were compared with respect to their abilities to 
produce interstrand crosslinks in DNA. DNA from bac-
teriophage lambda, labeled with 32p, was subjected to 
sedimentation in alkaline sucrose gradients following 
exposure to several concentrations of 1 of the 2 psoralens 
and irradiation (UV -A, 360 nm) for various times. 
In alkaline sucrose gradients, crosslinked DNA mole-
cules sediment about 1.4 times faster than undamaged 
DNA strands and the proportion of molecules carrying 
crosslinks can be estimated with reasonable accuracy. 
At equimolar psoralen concentrations (2 x 10-7M, or 4 
x 10- 5M) and with increasing irradiation times, the rate 
of production of crosslinked DNA was 4 to 30 times 
greater for TMP than for B-MOP. Differences in the ther-
apeutic efficacy of B-MOP and TMP in various clinical 
situations may be accounted for by the types of photo ad-
ducts formed by each drug as well as by their solubilities, 
rates of absorption and rates of metabolic degradation. 
The phototoxic properties of 2 furocoumarins, B-methoxy-
psoralen and trimethylpsoralen, are due to the covalent binding 
of these chemical agents to pyrimidine moieties in cellular DNA 
[1 ,2]. Binding requires long-wave UV light (365 om, UVA). In 
the absence of light, no psoralen-DNA photo-adducts are 
formed [3, 4]. Psoralens bind much more readily to DNA than 
to other cellular components such as RNA and protein, but 
binding to tRNA and RNA-DNA hybrids also occurs [5]. 
Covalent photoaddition reactions with pyrimidines can take 
place at either or both of 2 sites on psoralen molecules. At least 
2 types of psoralen-DNA photoadducts can be formed: one 
psoralen molecule reacting at one site with a pyrimidine mole-
cule in one strand of DNA produces a monofunctional DNA 
photoadduct; one psoralen molecule reacting at each site with 
pyrimidine molecules in opposite strands of DNA produces a 
bifunctional or crosslinking DNA photoadduct [3,4,6). 
The biomedicaJ consequence of psoralens plus light include 
a variety of responses: delayed DNA replication, cytotoxicity, 
mutagenicity, phototoxicity, increased pigmentation and chro-
mosomal aberrations [7-12]. Two of these drugs are being used 
throughout the world in treatment of vitiligo, psoriasis, atopic 
eczema and mycosis fungo ides [13-17]' Trimethylpsoralen 
(TMP) is more effective than B-methoxypsoralen (B-MOP) in 
treating vitiligo, but B-MOP is preferred to TMP in psoriasis 
[14, 15]. It has been reported that TMP and B-MOP differ in 
their phototoxic and pigment-promoting properties [3,12,IB]. 
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We wondered whether these different biological properties 
might relate to differences in the photoadducts formed by 8-
MOP and TMP. In this study, we have compared the DNA 
crosslinking properties of the 2 compounds at concentrations of 
2 x 10 7M and 4 x 1O-5M. Since the latter concentration is that 
of a saturated solution for TMP, but not for B-MOP, we also 
studied the rate of crosslinking with B-MOP under saturating 
conditions. 
MATERIALS AND METHODS 
Psora lens 
TMP and B-MOP were obtained through the Paul B. Elder Company 
Bryan, Ohio. Both were purified through recrystallization and th~ 
purity was checked by ascending chromatography on ChromAR Sheet 
500 in chloroform, and absorption spectroscopy. Rr values were 0_54 
and 0.56 for the TMP and B-MOP respectively. Absorption spectra for 
both compounds were compared before and after chromatography to 
insure that they were pure. 
Labeled Phage DNA 
Phage A DNA, labeled with J2 p, was obtained as previously described 
from A c71 phage with some modifications [19,20l Phage were labeled 
by growing on wild type E. coli in special LCG 20 medium plus 1.5 mCi 
l2p phosphat.e per liter. LCG 20 medium contains: O. L M Tris buffer, pH 
7.5; 0.2% vitamin-free Casamino acids; 50 IJ.!:/ml thymine; 0.2% glucose' 
0.2% maltose; 0.1% NH.CI; 4 mM KCI; 2 mM CaCh; 2.5 mM MgSO.; O.S 
/!g/ml FeSO.; 10 /!g/ml thiamine HCl; 0.01% L-threonine and 0.01% L-
leucine. The phage were concentrated by phase partition in polyethyl. 
ene glycol (6.9% (w/v», 0.3 M NaCI and Na dextran sulfate 0.2% (w/v), 
purified twice in CsCI step gradients of density L.4, 1.5 and 1.6, and 
dialyzed against 10 2M Tris, pH 7.5, 10 "3M EDTA, and 0.1 M NaC\. The 
DNA was extracted twice in phenol equilibrated with 10 2M Tris, pH 
7.5, 10 3M K-EDTA and 0.1 M NaCI, and the aqueous phase was 
dialyzed extensively against 10 " Tris, pH 7.5, 1O- 3M K-EDTA and 0.1% 
ethanol. The DNA concentration was then determined by absorption 
spectroscopy (0.164 /!M/ml). An aliquot was counted and the specific 
activity was found to be 1.2 X 107 cpm//!M. For all irradiations, the 
DNA was dilut.ed to 0.0164 /!M/ml with LO "M Tris, pH 7.5, 10 J M K-
EOTA and 0.1% ETOH. 
Ultraviolet Irradiation 
DNA solutions containing TMP or 8-MOP were prepared by adding 
a small amount (20 p.I maximum/ml) of solution of the drugs at 
appropriate concentrations in absolute ethanol (for TMP) or methanol 
(for 8-MOP). After addition of the drugs, the DNA solutions were 
allowed to equilibrate at room temperature in the dark for 20 min. 
All irradiations were carried out under a Model 1910 UV lamp 
(Cleveland-Burton Division, Cavitron Corporation, Van Nuys, Califor· 
nia) at an intensity of B W /m2 as measured by a radiometer (J-221. 
Ultraviolet Products, Inc.). This lamp has a spectral distribution cen-
tered at 360 nm and about 75% of the light is between 340 and 370 run, 
and less than 0.1% is below 300 nm, or greater than 400 run. Solutions 
were irradiated in a 2-inch glass Petri dish with the glass top placed 
over it to filter out any light below 300 nm. Aliquots were removed 
after the various irradiation times indicated in Fig 1. The percentage of 
DNA molecules carrying crosslinks was determined by centrifugation 
as described below. 
Zone-Sedimentation in Alkaline Sucrose 
0.1 ml of the irradiated samples were loaded onto 5 ml, high-salt 
(0.01 M K-EDTA, 0.7 M NaCl), 5-20% alkaline sucrose gradients, and 
centrifuged in an SW5O.1 rotor at 46,000 rpm for L05 min at 4°C. Forty 
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FIG l. P.ercent of DNA carrying crossJinks as a function of exposure 
to 360 run light In the presence of 4,5'8-trirnethyJpsoraJen (TMP) or 8-
methoxypsoralen (8-MOP), determined by sedimentation in alkali (see 
ex.a:nples in Fig 2). For each UV dose, the 32p radioactivity in the fast 
~dimentln~ peak is expressed as the percent of total 32p radioactivity 
m the gradient. At each concentration of psoralen the percents shown 
~ere calculated from data obtained in a single experiment. The exper-
unents were repeated with similar results. a, ........... TMP 2 X lO-'M 
0--0 8-MOP 2 x 10 'M; b ........... TMP 4 x 1O-5M (saturated 
solution) , 0--0 8-MOP 4 x 10 6M, 6 --6 8-MOP 2.3 x 1O-3M 
(saturated solution) . 
to 43 fractions were collected. Samples were counted in 0.5 ml water 
and 5.0 mI fluor (Formula 950-A, New England Nuclear). Radioactivity 
was plotted as a function of sample number. 
RESULTS 
Figure 2 shows examples of the data obtained by sedimen-
tation analysis of A DNA irradiated in the presence of TMP 
and 8-MOP. Under the conditions used for centrifugation, un-
damaged A DNA is found in fractions 22 to 24. DNA molecules 
carrying one or more crosslinks sediment 1.4 to 1.5 times faster 
than .undamaged DNA because the strands do not separate in 
alkaline sucrose [6,20). Crosslinked DNA is found in fractions 
16 to 18. The percentage of total 32p radioactivity recovered in 
the fast sedimenting peak is therefore a measure of the fraction 
of DNA molecules that contain at least one crosslink. In Fig. I, 
the ~ercentage of DNA carrying crosslinks is plotted as a 
functlon of exposure to ultraviolet light for both drugs at 2 X 
1O-7M, which is the concentration used for clinical purpose (Fig 
Ia) and at 4 X 1O- 5M (Fig 1b). This concentration has been used 
for TMP in previous experiments with phages and bacteria 
[20,21]. We also show, in Fig 1b, the effect of 8-MOP at 
saturating concentrations (2.3 X 10- aM) . The ratio of crosslink-
iog efficiency of TMP versus 8-MOP is approximately 30 at 2 
X 1?-7 M, and close to 4 at 4 X 10- 5 M. Increasing the concen-
tration of B-MOP to the saturating level does not change the 
latter ratio significantly. 
DISCUSSION 
Th~se da~ show that TMP more readily forms interstrand 
crosslinks WIth prokaryotic phage DN A than does 8-MOP under 
similar experimental conditions. It is presently unknown 
whether DNA crosslinking by psoralens is affected by modifi-
cations in eukaryotic DNA such as its packaging in chromo-
somes. Mandula, Pathak and Dudek recently reported that 
TMP formed fewer photomediated crosslinks in experiments 
with calf thymus DNA than did 8-MOP [22). Their observation 
was not supported by studies by Dall' Acqua who observed more 
crosslinks with TMP than with 8-MOP [4). 
We have studied the sedimentation of tritiated DNA from 
human cutaneous fibroblasts in 5-23% alkaline sucrose gra-
dients [23). In preliminary experiments, we have compared 
resuJts from cells irradiated (10 min, 360 nm, 0.7 m W Icm2) in 
the presence of 8-MOP (2 X 10 7M) and TMP (2 X 1O- 7M). After 
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FIG 2. Distribution of .I.p radioactivity from 4,5'8-trimethpsoralen 
(TMP) damaged A DNA after sedimentation in alkaline sucrose from 
right to left. '''P-Illbeled A DNA was treated with TMP (2 x 10 ,~) and 
exposed to 360 nm light. a, unirradiated control ' b 0.24 kJ/ m" c 048 
kJ / m'; and d, 0.96 kJ / m'. See text for conditidns' for irradiatio~ ~d 
centrifugation. 
exposu~e to either psoralen, t.he DNA sedimented more rapidly, 
suggesting that DNA crosshnks had formed. Under identical 
conditions, however, we always recovered more fast sediment-
ing DNA after exposure to TMP than after 8-MOP. 
Certain biological activities of various psoralens have been 
related to whether the drugs form DNA crosslinks. Some psor-
alen~ ~~at do not form cr?ss~i?ks, for example, are not photo-
sensItJzmg [3). Loss of VIability of viruses and bacteria is a 
function of the production of crosslin king by psoralens plus 
lig?~ [6,20). When various,Psoraiens have been compared, the 
ability to form monofunctIOnal or single-strand photoaddition 
products diffe~s from the ability to form crosslinks [3,4)' The 
p.ro~ucts of smglestrand photoaddition are also biologically 
SIgnificant, however, and have been shown to promote sister 
chromatid exchanges (SeEs) and cause a decreased rate of 
synthesis of nucleic acids [3,24]. 
It is likely that these differences in the capacity to crosslink 
DNA in the presence of UV light are responsible for some of 
the difference in biological properties of 8-MOP and TMP. 
Enhancement of melanization in cultured pigment cells [12) for 
example, and promotion of SeEs in cultured lymphocytes [22] 
are greater wI~h TMP tha~ 8~MOP in the presence of light. 
These properties probably indICate greater DNA crosslinking 
by TMP than by 8-MOP. Other factors may nevertheless 
contribute to the biomedical responses elicited by the various 
psoralens in the presence of light. Both 8-MOP and TMP are 
effective ph.o~osensitizers when applied topically to human skin. 
When adminIstered orally, 8-MOP is phototoxic, and TMP is 
n?t, but both drugs p~omote cutaneous pigmentation. These 
?ifferences can ~e Pa.n:laIl~ explained by the low-water solubil-
Ity of TMP and Its rapId bIOdegradation to nonphotosensitizing 
metabolites [21). Consideration must be given to all pharma-
cological and molecular biological properties of presently known 
psoralens as well as of new synthetic cogeners in order to 
enhance the beneficial biomedical effects and minimize the 
long-term mutagenic or carcinogenic risks of these photosensi-
tizing drugs. 
The authors are grateful to Dr. Paul Howard-Flanders for many 
fruitful discussions and for critical reading of the manuscript. 
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Announcement 
The Western Section of the Society for Investigative Dermatology will meet jointly with the Western 
Section of the American Federation for Clinical Research and the American Society for Clinical 
Investigation in Carmel, California, February 7-9, 1980. Abstracts for the Carmel 1980 meeting for all 3 
dermatology sections are due by October 5, 1979, and should be mailed to Charles B. Slack, Inc., 6900 
Grove Road, Thorofare, New Jersey 08086. 
